Carbon nanomaterials have a great potential in environmental studies; they are considered as superior adsorbents of pollutants due to their physical and chemical properties. Functionalization and dimension play an important role in many functions of these nanomaterials including adsorption. In this research, adsorption process was achieved with one-dimension nanomaterials: single walled and multiwalled carbon nanotubes were used as received and after oxidation treatment also two-dimensional nanomaterials were used: graphene oxide and reduced graphene oxide. Carbon nanotubes were modified by hydrogen peroxide under microwave irradiation. The reduction of graphene oxide was achieved by using ascorbic acid.
Introduction
The problem of water pollution is a big challenge in our time. Due to rapid population growth, water demand is higher every day [1] . The discharge of wastewater containing large amounts of organic contaminants represents a serious risk to the general population [2] . Wastewater containing organic contaminants such as phenolic compounds implies serious discharge problems, due to their poor biodegradability, high toxicity, and possible accumulation in the environment.
Phenols are introduced into surface water from industrial effluents, such as those from plastic, leather, paint, rubber, pharmaceuticals, petrochemicals, and pesticides, among others [3] [4] [5] . It is a fact that phenol and its derivatives found in natural water sources represent a serious risk to human health and water quality [6] . Phenolic compounds represent a serious danger because of their high toxicity and carcinogenicity even at low concentrations. Environmental Protection Agency (EPA) regulations demand lowering phenol content in wastewater to less than 1 mg/L [7] . There are many methods 2 Journal of Nanomaterials [36] available for the treatment of phenol and its derivatives, but adsorption process is the most widely used due to its relatively simple implementation and low operation cost.
Researches have been carried out in order to find effective adsorbents for the treatment of phenolic waste. Therefore, there is a necessity to develop new adsorbents for removing phenol from wastewater [4] . Some reports have shown that activated carbon is considered as one of the most effective adsorbents [8] . Carbon-based nanomaterials also have novel properties that make them potentially useful in a variety of applications such as drug delivery [9, 10] , lithium ion batteries [11] , electrochemical and chemical sensors [12, 13] , fuel cells [14] , electronic devices [15] , and hydrogen storage [16] and in other fields of science. The main advantages of carbon as adsorbent over other processes are the removal of both organic and inorganic compounds either by batch or column methods and the fact that it can be regenerated after repeated use. On the other hand, recent researches have demonstrated that nanomaterials exhibit high specific surface areas. This kind of materials also represents a new type of adsorbent offering an attractive option to remove organic and inorganic pollutants from water [17, 18] . For instance, even if activated carbon fibers (ACFs) were developed as the second generation of carbonaceous adsorbents, carbon nanotubes (CNTs), with one-dimension (1D) structure, like miniaturized ACFs, may be a promising third generation of carbonaceous adsorbents [1] . In addition, thin graphene oxide (GEO) sheets have recently emerged as a new carbonbased nanoscale material and also represent an alternative in this field [19] . GEO structure is assumed to be a sheet of graphene (GE) bonded to oxygenated functional groups such as carboxyl, hydroxyl, or epoxy groups. GE is a flat single atomic layer of sp 2 hybridized carbon atoms [20, 21] , packed into two-dimensional (2D) honeycomb network of carbon [22, 23] . This material has attracted enormous interest due to its unique electrical and thermal conductivity, mechanical strength, optical properties, large specific surface area (2630 m 2 /g), and chemical properties [24] . Thus, due to the different forms of carbon in nanometric scale, carbon nanomaterials (CNMs) have been used as adsorbents with highly promising results. Arasteh et al. have investigated the adsorption of phenolic compounds by carbon nanotubes; in addition, there are other lines of evidence that CNTs are promising adsorbents for organic pollutants [25] . In spite of the importance of these lines of evidence, only a limited number of papers have been reported on phenol adsorption by using multiwalled carbon nanotubes (MWCNT), GEO, and reduced graphene oxide (RGO). Table 1 shows a brief summary of several studies of phenolic adsorption removal using CNMs; as it can be observed, it is very difficult to compare adsorption performance of various adsorbents due to lack of similarity in the literature results. Phenol adsorption processes have been evaluated at different conditions, such as adsorbent type, phenolic compounds concentration ranges, temperatures, pH, and isotherm models. These cannot be readily compared with each other.
According to Table 1 , the use of CNMs as adsorbents has been studied to remove diverse phenolic pollutants; however, additional studies are needed to observe the effect of different conditions over the performance of CNMs at their different dimensions, since this allows reaching a deeper understanding of their adsorption mechanism. Besides, it is known that chemical modification produces activated carbon forms of these nanomaterials, and their adsorption performance can change depending on their surface properties. Thus, this research is focused on the performance evaluation of 1-dimension (SWNTs and MWNTs) and 2-dimension (GEO and RGO) CNMs as adsorbents of phenol. CNTs were evaluated as received and after oxidation and graphene materials, GEO and RGO, were distinguished also by their attached oxygenated groups, this latter with the aim of evaluating the activated and nonactivated carbon forms as adsorbents of phenol. In this research, CNMs oxidized forms were produced by environmentally friendly methods, for instance, microwave (MW) assisted modification of CNTs, since MW irradiation has acquired a great deal of attention in domestic, industrial, and medical applications and furthermore it has been used in various environmental applications [37] . Thus, microwave (MW) assisted modification of CNTs was employed as a noninvasive, clean, and simple method, with less reaction time than conventional methods reported for the same purpose. On the other hand, chemical reduction of GEO was carried out using L-ascorbic acid (L-AA). Recently, several "green" agents, such as vitamin C (L-AA), ethylene glycol, aluminum powder, and hydrohalic acid and alkali, have been developed as the reductant reactive in the synthesis of reduced graphene oxide [38] . L-AA is naturally employed as a reductant in living things and has also been used to synthesize nanomaterials [39] .
Thus, this study compares for the first time the performances of 1-and 2-dimension nanomaterials at the same conditions in the adsorption of phenol and identifies the role of different parameters such as dimension and chemical groups in the surface of carbon forms, taking into account kinetic modeling and adsorption equilibrium.
Materials and Methods

Materials.
The raw SWNTs used in this study were purchased from Sigma-Aldrich (purity 40%) with an average diameter of 0.9-1.2 nm and 10-30 m length and synthesized by arc discharge. MWNTs were purchased from Sun Nano Company (purity > 80%,) with outer diameter of 10-30 nm and 1-10 m length and produced by chemical vapor deposition (CVD). All solutions were prepared using distilled water and reagent-grade chemicals.
Oxidation of CNTs
. 100 mg of as-received CNTs was mixed with 10 mL of hydrogen peroxide (H 2 O 2 , 30%, J.T.Baker); this solution was sonicated for 5 minutes until the mixture was visually homogeneous, and the mixture was introduced into a Teflon vessel and then heated in a microwave oven (Panasonic, Model NN-ST7785). The microwave power was 1200 W and the irradiation time was 4 min. Previous experiments in this work showed that 1200 W was the most effective microwave power for this purpose. The MW irradiation was intermittent by 4 periods of 1 minute, this latter in order to avoid not only damage on the CNTs morphology or structure, but also excessive heat. These oxidized CNTs were filtered through 4-5.5 m Millipore membrane and washed with distilled water until neutral pH. Finally, the obtained CNTs were dried at 60 ∘ C for 24 hours. The obtained CNTs were designated as SWNTO and MWNTO.
Synthesis of OGE and RGO.
The GEO was synthesized by oxidation of graphite powder (number 70230, Electron Microscopy Science/#1686-BA/LOT #1130929) using the modified Hummers method [40] . 2.0 g of graphite was mixed with 46 mL of sulphuric acid (H 2 SO 4 , 98%, J.T.Baker) in ice bath. Subsequently, 6 g of potassium permanganate (KMnO 4 , Merck) was added slowly, and the mixture was stirred and heated for 2 hours at a constant temperature of 35 ∘ C. Then, 92 mL of distilled water was added carefully to the reaction mixture and stirred for another 15 minutes. The reaction temperature was rapidly increased to 95 ∘ C. Then, a solution of 10 mL of hydrogen peroxide (H 2 O 2 , 30%, J.T.Baker) in 270 mL of distilled water was added slowly. Finally, another solution of 10 mL of hydrochloric acid (HCl, 37%, SigmaAldrich) in 270 mL of distilled water was added in order to remove the manganese salt excess. The graphite oxide (GO) was washed with distilled water to remove residual salts and acids until neutral pH. The obtained GO was dried at 60 ∘ C for 24 hours. Then, GO was dispersed in water (10 mg/mL) and exfoliated by ultrasonication using an ultrasonic cleaner bath (Autoscience 10200B, 40 KHz) for three hours, in order to obtain GEO. The GEO was dried overnight at 60 ∘ C in an oven. 100 mg of GEO was reduced with 0.3522 g of L-AA at 95 ∘ C and kept under stirring for 20 minutes to remove the majority of the oxygen functionality [41] . The obtained RGO was filtered through 4-5.5 m Millipore membrane and washed with distilled water until neutral pH. The obtained RGO were dried at 60 ∘ C for 24 hours in an oven.
Determination of Point of Zero Charge (PZC).
The surface charge on the CNMs was determined from fast titration method using the following equation: respectively. The surface charge densities ( C/cm 2 ) are plotted versus the pH of the suspension [42] . Potentiometric titrations of CNMs were conducted as follows: 40 mL of background electrolyte solution of 0.01 M NaNO 3 containing 0.025 g of CNMs was equilibrated with continuous magnetic stirring for 60 min. The pH of the system was adjusted using 0.01 M nitric acid (HNO 3 , 70%, Sigma-Aldrich). After 60 min, the solution was titrated by addition of 0.2 mL of 0.01 M sodium hydroxide (NaOH, Sigma-Aldrich) using a microburet. The suspension was equilibrated for 2 min with constant stirring after each addition of base, and then the pH was recorded. At the end of the equilibration period, the change in pH was less than 0.01 pH units per minute. The electrode was standardized with pH 4.0, 7.0, and 10.0 buffer solutions.
Characterization of the Carbon Nanomaterials.
The morphologies of the CNMs were observed with a transmission electron microscope (JEOL JEM-1010) operating at 80 kV. The CNMs were prepared by ultrasonic dispersion in acetone. Then, drops of the suspension were put on a carbon supported TEM grid. Raman and Fourier transform infrared (FTIR) spectroscopies were analyzed in order to investigate the presence of oxygenated functional groups on the surface of CNMs. Raman spectra were obtained using Dylor LabRam II equipment (resolution 1 cm −1 ) with an excitation line of He-Ne (632.8 nm) and FTIR spectra were obtained in a spectrometer (Tensor 37, Bruker, resolution 1 cm −1 ) within the range of 4000-400 cm −1 . The surface area was determined by N 2 adsorption-desorption isotherms in BELSORP-mini II, BEL Japan, and using the BET equation.
Batch Kinetic and Equilibrium Studies.
A stock solution of 1000 mg/L was prepared by dissolving 1.0 g of phenol (Sigma-Aldrich, 99%, analytical reagent grade) in 1000 mL of distilled water. This stock solution was diluted to the desired initial concentrations ranging from 100 to 50 mg/L. In order to select the optimum pH for adsorption experiments, a series of batch experiments were conducted at different pH range. The pH of the adsorbate solutions was adjusted to 5.0 ± 0.5 by adding few drops of 1 M hydrochloric acid (HCl, Sigma-Aldrich, 37%), before mixing with the adsorbents; at this pH dissolved phenol is predominantly neutral. As negligible changes in the final equilibrium pH were observed, the uptake pH was assumed to be constant during the experiments. Phenol concentration was measured using UVVis spectrophotometer (DR5000, Hach) at 510 nm by using 4-aminoantipyrine spectrophotometric method (ASTM D 1783-01). Prior to analysis, linear calibration curves were obtained.
The kinetic experiments were performed in 100 mL flasks that contained 0.050 g of CNMs and 50 mL of phenol solution (50 mg/L). The mixture was ultrasonicated for 5 min. The flasks were then covered and the solutions were kept in continuous agitation (235 rpm) by means of a Teflon-coated stirring bar driven by a magnetic stirrer for 270 min at 25 ± 2 ∘ C. Samples were taken at predetermined time intervals to determine the residual concentration of the adsorbate and the equilibrium time for phenol adsorption. Before analysis, samples were centrifuged at 3500 rpm for 10 min, and the supernatant was filtered. All adsorption experiments were performed in triplicate under identical conditions and average values were used for further calculations. The uptake of the adsorbate was calculated by the following equation:
where is the adsorption capacity per gram of the adsorbent at time , is the volume of the solution (L), 0 is the initial concentration of the adsorbate (mg/L), is the concentration of the adsorbate (mg/L) in solution at time , and is the mass of adsorbent (g) [43] .
The equilibrium studies were performed using the following procedure at 25 ± 2 ∘ C: parallel series of batch adsorption tests were carried out in 100 mL flasks; 50 mL of adsorbate solutions (10, 20, 30, 40, 50 , and 60 mg/L) of phenol was independently added to 0.050 g of CNMs. The mixture was ultrasonicated for 5 minutes and shaken. Preliminary adsorption experiments were performed to determine the equilibrium time, reached at 100 minutes.
The uptake of the adsorbate at equilibrium was calculated by the following equation:
where is the equilibrium adsorption capacity per gram of adsorbent (mg/g), is the equilibrium concentration of adsorbate (mg/L), and , 0 , and have the same meaning as before [8] . related to hydroxyl groups, (C=O) at 1700 cm −1 associated with carboxylic groups, and (C=O) at 1400 cm −1 presented in ketone groups; the peak around 1600 cm −1 corresponds to (C=C) of the graphitic sp 2 bonds. The formation of functional groups on the SWNTO and MWNTO surface after microwave irradiation is confirmed by the FTIR. In the case of MWNTO, the peaks at 1600 cm −1 , 1700 cm −1 , 2700 cm −1 , and 3200 cm −1 appear in the spectrum. These peaks are assigned to (C=O) related to carboxylate groups, (C=O) from carboxylic groups, (C=O) from aldehyde groups, and (OH) from hydroxyl groups, respectively. In Figure 1 , SWNTO spectrum shows several peaks at 3200 cm −1 , 1700 cm −1 , 1600 cm −1 , and 1400 cm −1 similar to MWNTO spectrum. Evidently, various functional groups were generated on the surface of modified CNTs, providing various adsorption sites.
Results and Discussion
The oxidative treatment not only produces damage in the carbon defect sites but also creates additional defects that also can be oxidized [44] ; the FTIR spectra indicate that hydrogen peroxide treatment introduced more oxygencontaining functional groups on the outermost surface and defect sites that increase the hydrophilicity of CNTs. Similarly, the surface modification improves the dispersion of CNMs in solution, which could increase the removal capacity of pollutants.
Similarly, the spectrum of GEO shows a broad absorption band at 3200 cm −1 indicating the presence of (OH), which is related to the hydroxyl groups. The other oxygenated functional groups of GEO are displayed by the bands around 1050 cm −1 , 1200 cm −1 , 1400 cm −1 , and 1700 cm −1 ; these bands correspond to (C-O) from epoxy groups, (C-O) associated with phenol groups, (C=O) related to carboxylate groups, and (C=O) from carboxylic groups, respectively. The peak at 1630 cm −1 can be assigned to the contributions from the skeletal vibrations of unoxidized graphitic domains [38] . In contrast, after the reduction of GEO with L-AA (RGO spectrum), the absorption band of (OH) at 3200 cm −1 disappears completely. Moreover, there is a decrease in the intensities of the peaks corresponding to the oxygenated groups, such as (C=O) at 1700 cm −1 , (C=O) at 1400 cm −1 , and (C-O) at 1200 cm −1 previously mentioned; this demonstrates that most of the functional groups are removed.
Raman spectroscopy is a powerful nondestructive technique widely used to distinguish ordered and disordered crystal structures of carbon. The CNTs samples have similar Raman scattering patterns. Raman spectra of CNTs and CNTOs (Figures 2(a)-2(b) ) show two characteristic peaks around 1585 cm −1 (G band) and 1340 cm −1 (D band). The D band is due to defect sites in the hexagonal framework of walls of CNTs [27] , and the G band reflects the structural intensity of the sp 2 hybridized carbon atoms. The intensity ratio ( D / G ) can be used as an indicator for the structural intensity of the sp 2 hybridized carbon atoms [45] . D / G ratio normally increases with covalent functionalization, since the creation of covalent bonds between carbon on the nanotube surface and functional groups modifies the hybridization of carbon towards greater sp 3 character [46] . Oxidative treatment with hydrogen peroxide increases D / G ratio from 0.46 for SWNT to 0.50 for SWNTO by eliminating amorphous carbon and modifying chemically the surface of SWNT. The intensity ratio is 1.17 and 1.26 for MWNT and MWNTO, respectively, similar to SWNT; thus, the removal of amorphous carbon and metals adds purity to the nanomaterial. D / G ratio is increased after the functionalization reaction. This observation confirms the covalent functionalization of CNTs using microwave irradiation.
Raman spectra of GEO and RGO are also shown in Figure 2 corresponds to defects in the curved graphene sheet [23] . The G band in GEO spectrum appears at 1596 cm −1 and the D band at 1328 cm −1 . After reduction (RGO spectrum), the G band appears at 1588 cm −1 and the D band at 1320 cm −1 . In addition, both bands are broader in GEO than in RGO. The presence of D and G bands at higher frequencies and the broadening are general observations of disorder [47] . Thus, the red-shifted and narrower peaks in RGO spectrum are clear signals of graphitic order recovery. On the other hand, the intensity ratio for GEO is 1.487. In comparison, D / G ratio of the RGO has been increased to 1.724; D / G increment is explained by the presence of small crystallites or graphitic domains, where borders act as defects [48] . Figure 3 exhibits a comparison of the TEM images of asreceived CNTs (Figure 3(a) ) and CNTOs (Figures 3(b)-3(d) ); some changes in amorphous carbon contained on CNTs are observed in the images after modification (Figures 3(b) and  3(d) ). It is possible to observe in these CNTOs images that the functionalization produces opening up of the tube ends (Figure 3(b) ), generates defects on the sidewalls of nanotubes, and shortens long tubes (Figure 3(d) ). However, the nanotube diameter does not present changes after oxidation by microwave irradiation. TEM micrographs of GEO and RGO are shown in Figures 3(e) and 3(f) , respectively. Both GEO and RGO exhibit a typically wrinkled, sheet-like structure. The morphological structure of the RGO shows no difference from the GEO.
Previous works have shown that microwaves have no direct effect on the morphology or structure of CNTs [46, 49] . The main advantage of combining MW with chemical oxidants is the stimulation of free radical generation. High reaction temperature could be reached within a short time frame when MW and oxidants are combined; this is observed when comparing MW process to the traditional thermal or catalytic oxidation methods [37] . Rate improvements may be achieved under microwave heating due to mixing effects; this is explained taking into account the fact that the rapid molecular rotation of the solvent/solute boundary layer induced by the electric field provides efficient localised mixing at molecular level. Microwave irradiation may cause heating by two main factors: (1) dipolar polarization and (2) conduction (joule heating). Different authors reached a consensus about reagent-free MW based method for purification of MWNTs as a promising process with advantages such as being extremely fast, having significantly less damage to CNTs, and producing less harmful waste when compared with previously reported conventional approaches [50, 51] . The specific surface areas (SSA) were calculated using the BET method. The SSA values are 64, 204, 136, 113, 48, and 186 m 2 /g for SWNT, SWNTO, MWNT, MWNTO, RGO, and GEO, respectively. The SSA values play an important role in the adsorption of phenol by CNMs; this effect is discussed in the next sections after removal experiments. Functionalization modifies the physical properties of the CNTs such as SSA and pore size distribution. After oxidation, mean pore diameter increases from 8.74 nm for SWNT to 16 .74 nm for SWNTO; a similar effect is observed for as-received MWNT from 30.58 to 35.33 nm for MWNTO, and also RGO with 18.508 nm is amply exceeded by GEO with 31.58 nm. This indicates the presence of mesopores (2-50 nm) in all adsorbents.
The solution pH is a key factor that also influences the adsorption capacity of phenol on the active sites of CNMs [31] . pH primarily affects the ionization degree of the phenolic sorbate. The surface charge can depend on the pH solution and the surface characteristics of carbon [2] . In previous experiments of this work, it was observed that phenol removal decreases with an increase in the solution pH (not shown here); this is due to phenol charge changes with pH value. It is known that p a value of phenol is 9.99; hence, phenol is considered as a neutral molecule below Journal of Nanomaterials this pH and above this value is found as anionic species (phenolate) [17] . The phenolate anions are more soluble in aqueous solution, and consequently stronger adsorbatewater bonds must be broken before adsorption can take place [25] . Thereby, the phenol solution pH is adjusted at 5.0 ± 0.5 in order to achieve the appropriate condition for adsorption. for MWNTO, MWNT, SWNTO, SWNT, GEO, and RGO, respectively. The PZC represents the pH at which the charge of the solid is zero, that is, the pH at which the charge of the positive sites equals that of the negative ones. At pH < PZC, the surface charge of the material is positive and at pH > PZC, the surface charge of the material is negative [4] . Numerous investigations have demonstrated that the PZC values for oxidant-modified CNTs are more negative than those of as-grown CNTs [31] . According to the results obtained in this research for PZC, it is possible to assume that the surface of modified CNTs is more negatively charged mainly due to the presence of more carboxylic, hydroxyl, and small quantity of aldehyde and ketone groups produced by hydrogen peroxide (Figure 4) , which promote the adsorption of phenol by modified CNTs, through hydrogen bonding as illustrated in Figure 5 (a). The mechanism of interaction between RGO and GEO with phenol is similar to CNT and CNTO.
On the other hand, phenol is an organic compound that contains an aromatic ring in its structure, and this can be retained by CNMs due to weak interactions between delocalized electrons, as in the case of unmodified carbon nanotubes. In addition, modified carbon nanotubes also can adsorb phenol molecules by -interactions between carbonyl groups and aromatic rings ( Figure 5(b) ).
In order to understand clearly the phenomena involved in phenol adsorption on CNMs, the rate of the adsorption process and the rate-controlling step are studied using kinetic models. In addition, it is necessary to take into account the fact that the mechanism of adsorption depends on the physical and/or chemical characteristics of the adsorbent as well as on the mass transport process.
Kinetic Modeling.
Experimental data must be analyzed considering the correct identification of the ratedetermining step that controlled the adsorption process. There are three consecutive steps involved in the adsorption of organic/inorganic species by a porous adsorbent: (1) transport of the adsorbate to the external surface of the adsorbent; (2) transport of the adsorbate within the pores of the adsorbent except for a small amount of adsorption that occurs on the external surface; (3) adsorption of the adsorbate on the external surface of the adsorbent. It is generally accepted that step (3) is very fast and does not represent the rate-determining step in the uptake of organic species [2] . In order to investigate the mechanism of phenol adsorption onto CNMs, pseudo-first-order, pseudo-secondorder, Elovich, and intraparticle diffusion models are considered to fit the experimental data obtained from batch studies and the correlation coefficient (
2 ) is considered as a measurement of the relationship between the experimental data and these proposed models.
Pseudo-First-Order Model or Lagergren's Equation.
The pseudo-first-order rate expression is based on the adsorption capacity of adsorbent and may be written as
The integrated form of the differential equation becomes
where and (mg/g) are the amounts of phenol adsorbed at equilibrium and at time , respectively, and 1 (min −1 ) is pseudo-first-order rate constant. The adsorption rate parameter 1 can be calculated by plotting log( − ) versus [25, 52] .
Pseudo-Second-Order Model.
The adsorption kinetic may also be described by pseudo-second-order equation, which is based on the adsorption capacity of solid phase. The equation is expressed as follows:
where and have the same meaning as before and 2 is the pseudo-second-order rate constant (g/(mg min)).
If pseudo-second-order kinetic equation is applicable, the plot of / versus should give a linear behavior. can be calculated from the slope of this graphic and 2 is deduced from the intercept of theline [52] .
Elovich Model.
Elovich model is another widely used model to describe the adsorption process, which supposes that the adsorbate is adsorbed on the solid surface without desorption, and the adsorption rate decreases with increasing contact time due to increased surface coverage. The equation can be expressed as
Integration of the Elovich equation with boundary conditions, = at = and = 0 at = 0, is represented by where is the adsorbed phenol (mg/g) at time (min), is the initial adsorption rate (mg/(g min)), and is related to the activation energy for chemisorption (g/mg). Assuming that ≫ 1 and applying the boundary condition = 0 at = 0, it can be rewritten as
If this equation applies, it should lead to a straight line by plotting as a function of ln [53] .
Intraparticle Diffusion Model.
Since neither pseudo-firstorder nor pseudo-second-order models can identify the diffusion mechanism, the intraparticle diffusion model is used to investigate the diffusion controlled adsorption system. The intraparticle diffusion equation is expressed in the following form:
where id is the intraparticle diffusion rate constant (mg/g min 1/2 ), which can be deduced from the slope of the linear plot of versus 1/2 , and the intercept of the line denotes the thickness value from the boundary layer (mg/g) [31] . Figure 6 shows the adsorption kinetics andthe effect of contact time on phenol adsorption on CNMs. The results indicate that most of the phenol removal takes place during the first 50 min. The adsorption equilibrium of phenol is achieved after 100 minutes and no remarkable changes are observed for longer contact time.
It is implied that carbon nanomaterials possess very strong adsorption ability for phenol. The removal obtained is 38, 42, 35, 32, 41 , and 31% with SWNT, SWNTO, MWNT, MWNTO, GEO, and RGO, respectively, at 50 mg/L of initial concentration. The adsorption capacity is strongly induced by the number of available active sites, which initially is higher; therefore, the adsorbate reaches the active sites with ease; subsequently, the number of active sites decreases and the adsorbent surface becomes saturated. The mechanism to describe phenol adsorption on CNMs as adsorbents is based on their electronic structures, which possess essentially sp 2 orbitals. Thus, it is possible to postulate that the adsorption mechanism for this system involves interactions between electrons that are delocalized on the carbon surface structure and electrons of the aromatic ring.
The values of adsorption parameters derived from the application of the kinetic models are presented in Table 2 . For each case, the corresponding regression coefficients, 2 , are given.
Calculated and experimental values of are given in Table 2 ; these results show that the correlation coefficients for the pseudo-second-order kinetic model are higher than those obtained for the pseudo-first-order, Elovich, and intraparticle diffusion models. In view of these results, it can be said that the pseudo-second-order kinetic model provides better correlation for phenol adsorption onto CNMs in contrast to the other models. The results show that 2 values obtained with the pseudo-second-order model are higher than 0.99.
Banat et al. [5] had reported that if intraparticle diffusion is involved in the sorption process, then a graphic of adsorbate uptake versus the square root of time would result in a linear relationship and the intraparticle diffusion would be the rate-controlling step if this line passes through the origin. The results (Table 2) can be represented by a linear relationship; however, the line does not pass through the origin. This indicates that intraparticle diffusion is involved in the sorption process but it is not the only rate-limiting mechanism and also other mechanisms are involved.
Modeling of the Adsorption Isotherms.
In addition to the models discussed before, equilibrium studies provide information on the adsorption capacity of the adsorbent; therefore, they are also necessary to complete the understanding of these novel nanomaterials as adsorbents. An adsorption isotherm is characterized by certain constant values, which express the surface properties and the affinity of the adsorbent and can also be used to compare the adsorptive capacities of the adsorbent for different pollutants. Several mathematical models can be used to describe experimental data of adsorption isotherms. The Langmuir and Freundlich models are used to fit the adsorption isotherms and to evaluate the isotherm parameters.
Langmuir Isotherm.
The Langmuir isotherm considers several assumptions: the adsorption is localized, all the active sites on the surface have similar energies, there are no interactions between adsorbed molecules, and the limiting reaction step is the surface reaction.
The Langmuir model is valid for monolayer adsorption onto a surface with a finite number of adsorption sites, which are homogeneously distributed over the adsorbent surface with no transmigration of adsorbate in the pores of the adsorbent surface.
The Langmuir model may be written as
where is the adsorption capacity of the adsorbate per unit weight of adsorbent (mg/g), max is the maximum adsorption capacity (mg/g), is the constant related to the free energy of adsorption (L/mg), and is the equilibrium concentration of the adsorbate (mg/L) [54] .
The linearized form of the Langmuir model is
A graphic of / versus indicates a straight line of slope 1/ max and intercept of 1/ max [32] .
The Freundlich Model.
The Freundlich model is an empirical equation that describes the equilibrium on sorption on heterogeneous surface through a multilayer adsorption mechanism [52] . The Freundlich model may be written as
where is the equilibrium amount of the adsorbate per unit mass of adsorbent (mg/g), is the equilibrium concentration of the adsorbate (mg/L), and is a constant that indicates the adsorption capacity of the adsorbent at unit concentration (mg/g (L/mg) 1/n ), while 1/ indicates the intensity of the adsorption.
The linearized form of the Freundlich model is log = log + 1 log . The model parameters ( and 1/ ) can be determined from the linear plot of log versus log [6, 55] . Figure 7 shows the adsorption isotherms of phenol on CNMs. The isotherms are regular and concave with respect to the concentration axis. According to Giles' classification, these isotherms may be classified as L type for the adsorption of phenol which indicates high affinity of the adsorbent towards the adsorbate and also there is no strong competition from the solvent for adsorption sites.
The isotherm constants and correlation coefficients are shown in Table 3 ; both the Langmuir and Freundlich isotherm models describe adequately the adsorption data. The magnitude of 1/ quantifies whether the adsorption is favourable and the heterogeneity degree of the CNTs surface. If 1/ is less than unity, it suggests satisfactory adsorption.
Although the equilibrium data fit well both adsorption models, the Freundlich model exhibits slightly better fit to the adsorption data than the Langmuir model. The Freundlich isotherm describes reversible adsorption and is not restricted to the formation of monolayer.
The favorable nature of adsorption can be expressed in terms of an equilibrium parameter , which is dimensionless, and it is defined as
where is the Langmuir constant (L/mg) and 0 is the initial concentration of adsorbate in solution [25] .
It is established that (i) 
= 1 for linear adsorption, and (iv)
= 0 for irreversible adsorption [31] . The values of for all adsorbents are listed in Table 3 . values obtained are between 0 and 1, indicating a favourable behavior toward phenol adsorption.
One target of this study is to compare the adsorption capacity with respect to the dimension of the nanomaterial. 1D and 2D nanomaterials on their unoxidized and oxidized forms are analyzed. This study performs the comparison between MWNT and RGO and MWNTO and GEO since these materials have similar graphitic structures (i.e., MWNT and MWNTO may be considered as rolled up structures of RGO and GEO, resp.). Differences in adsorption capacity between 1D and 2D nanomaterials are shown by the adsorption capacity obtained from Freundlich model. The parameter, , decreases in the following order: GEO (7.456) > MWNT (6.162) > MWNTO (4.777) > RGO (4.338).
Theoretically, RGO exhibits better adsorption capacity than MWNT, because the rolling-up process substantially decreases the number of active sites. However, in this study, is smaller on RGO than MWNT. This contradicts the expected results, but it also shows that phenol molecules could be interacting with the active sites inside the MWNT. This is complemented by the fact that intraparticle diffusion model is involved in the adsorption process. Similarly, it can be observed that adsorbate molecules may have difficulty interacting between the stacked graphitic layers of the RGO, due to impurities retained on its surface during synthesis process or by the folding found in these materials. Thus, 1D nanomaterial in its unoxidized form has greater adsorption capacity than the corresponding 2D counterpart for the pollutant analyzed in this study.
On the other hand, the GEO has higher adsorption capacity than MWNTO; this indicates that carbon atoms and oxygenated functional groups are available as active sites to interact with phenol molecules on the edge and both sides of the stacked sheets of GEO. In this case, 2D nanomaterial in its oxidized form has greater adsorption capacity than 1D counterpart. GEO have also presented good capacity to remove other pollutants in water as Cr(VI), due to the large negatively charged density [56] .
It is important to point outthat the nanomaterials with higher adsorption capacity in this comparison (MWNT and GEO) also have greater surface area; this latter is a key factor in the process of adsorption. It is important also to comment that, in this case, the surface area of 1D and 2D nanomaterials is different between them, because dimension produces different structure features and their synthesis methods of each material are completely different, as mentioned above.
On the other hand, although SWNTs are materials of 1D, the adsorption capacity is higher than MWNT (also 1D materials) and shows the opposite behavior because the oxidized form removes more phenol than pristine material. Thus, SWNTs have a similar behavior to 2D materials because their oxidized forms remove more phenol than the pristine materials. This effect is attributed to the single walled and the exposed oxygen moieties in the surface, which have more interaction with phenol molecules, and the purification method removes impurities at surface, producing more surface area than the unoxidized form (as it was verified in the SSA results).
Conclusion
This study confirms that microwave irradiation significantly decreases the time required for oxidation of CNTs. The pseudo-second-order equation provides the best correlation for the adsorption data. The Freundlich adsorption model is more appropriate for describing the adsorption equilibrium data for phenol. The results show that unoxidized form (SWNT and MWNT) 1D nanomaterial has higher adsorption capacity than 2D counterpart. However, oxidized form of 2D nanomaterial presents greater adsorption capacity than 1D counterpart. On the other hand, GEO has greater capacity than RGO, because the free space between the graphitic layers is wider, whereby adsorbate molecules are easier to be adsorbed. The adsorption process occurs mainly by interactions as -and not by electrostatic interactions. Theinteractions derive from the interactions between carbonyl groups and electrons that are delocalized in the structure of the graphitic layers and electrons in the aromatic rings of phenol. The -interactions also depend on the contact area between the aromatic molecule of phenol and surface chemistry of carbon nanomaterials. In this study, SWNTO, GEO, and MWNT have high adsorption capacity attributed to their greater surface areas compared to other adsorbents. Hydrogen bonding is another proposed mechanism for the adsorption of phenol on CNMs which may be formed between hydroxyl groups of the adsorbate and hydroxyl, ketone, aldehyde, and carboxylic groups of the adsorbent.
